The synchronal rotary multiphase pump is a new type of positive-displacement pump for multiphase boosting. Given that the discharge valve is eliminated in the synchronal rotary multiphase pump, the radial suction port as used in traditional rotary compressors is no longer suitable for the gas-liquid working condition. Thus, a special design for the axial suction port is presented to ensure the synchronal rotary multiphase pump's flexibility in handling work fluids with any inlet gas volume fraction. The design concept and working principle of the axial suction port of the synchronal rotary multiphase pump are introduced herein, and a geometrical model of the suction port is established to calculate the critical dimensions for the synchronal rotary multiphase pump manufacture. The results show that the axial suction port's design avoids the inner compression of work fluids and the back flow from the outlet to the inlet of the synchronal rotary multiphase pump during operation, which meets the requirements for operating under the gas-liquid working condition. The matching between the variation in the sectional area of the suction port and the varying trend of suction volume results in an acceptable sectional velocity of suction flow. Although the designed axial suction port reduces the suction angle range in a revolution, the decrease in the volumetric efficiency is negligible.
Introduction
Recently, a synchronal rotary mechanism was invented to solve the frictional issue in the positivedisplacement rotary devices. 1 Compared with the traditional rotary mechanisms such as the rolling piston 2, 3 and sliding vane 4, 5 compressors, the notable difference in the synchronal rotary mechanism is the unique nature of its rotating cylinder. This structure significantly reduces the relative velocity between the rotor and cylinder, resulting in less friction loss and increased mechanical efficiency. In the application of gas compression, the synchronal rotary mechanism has been successfully designed as an air compressor 6 or a refrigeration compressor, 7 both of which exhibit superior mechanical efficiency. In the application of multiphase pumping, where most positivedisplacement compressors are not competent under the gas-liquid condition, the special features of the synchronal rotary mechanism are particularly effective. In addition to the decreased mechanical loss, the synchronal rotary multiphase pump (SRMP) can handle gas-liquid fluids within a wide range of inlet gas volume fractions (GVFs)-from 0 to near 100%. 8 Compared to the twin-screw multiphase pump, 9, 10 which is widely used around the world, the SRMP features simple structures and better tolerance for the solid particles contained in the working fluids. 11 As shown in Figure 1 , the synchronal rotary mechanism basically consists of a rotor, a cylinder and a sliding vane. The rotor and cylinder are eccentrically arranged such that the cylinder's inner wall remains tangential to the rotor's outer wall. One end of the sliding vane is inserted into the vane slot on the rotor and the other end is joined to the cylinder. The crescent working chamber between the walls of the rotor and cylinder is divided into a suction chamber and a discharge chamber. During the SRMP's operation, the rotor is driven by a shaft to rotate around the rotor axis and then carries the sliding vane to move, driving the cylinder to rotate around the cylinder axis. The motions of the three components cause variations in the chamber volumes, which results in the suction and discharge processes.
In the synchronal rotary compressor, the suction port is set in the radial direction of the cylinder and the discharge port is set in the radial direction of the rotor. 6 A discharge valve is assembled at the discharge port to ensure that the gas is compressed inside, as required before the discharge process. However, because the SRMP is required to handle gas-liquid fluids with any inlet GVFs, inner compression must be avoided during the operation. Therefore, unlike in the gas compressor, the discharge valve is eliminated in the SRMP. As a result, during the SRMP's operation, the suction port is directly connected to the suction chamber while the discharge port is directly connected to the discharge chamber. If the above design of suction and discharge ports is adopted in the SRMP, although the requirement that inner compression must not exist during pump operation is satisfied, a new issue is raised that affects pump performance. As shown in Figure 2 , when the rotor angle ' is in a small range near the value of 0, both the suction and discharge ports are connected to the same chamber. Unfortunately, as the pressure at the discharge port is higher than that at the suction port, working fluids in the high pressure side flow back to the low pressure side. This back flow decreases the volume of fresh working fluids in the suction process and reduces the volumetric efficiency of the SRMP. Hence, it is necessary to construct a special design for the suction and discharge ports in SRMP.
In this paper, a new design that positions the suction port in the axial direction of the cylinder in the SRMP is presented to solve the abovementioned issue. First, the design concept and working principle of the axial suction port are introduced. The following work is focused on the geometric modeling of the suction port to calculate its critical dimensions, which provide a reference for manufacturing the axial suction port. Based on the calculations in the geometric model, the design of the axial suction port is evaluated by analyzing the section area of suction flow and the volumetric efficiency of the SRMP.
Design concept and working principle
As shown in Figure 3 , the new suction port is set in the axial direction of the cylinder. During the SRMP's operation, the connection between the suction port and the suction chamber depends on the rotations of the rotor and cylinder due to the eccentric arrangement of their end faces. Figure 3 shows the working principle of the SRMP with the axial suction port, where ' s is the suction angle and ' d is the discharge angle. It can be seen that when ' ¼ 0, the axial suction port is completely covered by the rotor's end face, and the work chamber is only connected to the discharge port. As the rotor and cylinder rotate, the work chamber begins to divide into a suction and a discharge chamber. As the volume of the discharge chamber decreases, work fluids are squeezed out through the discharge port. Moreover, it can be seen that the suction port is not connected to the suction chamber until ' ¼ ' s . This means that no work fluid enters the suction chamber through the suction port during the initial rotor angle range from 0 to ' s . Then, the suction port gradually opens to the suction chamber and the suction process starts. The suction process maintains a certain rotor angle range until the suction port is completely covered by the rotor end face again. At a shaft angle of 2p-' d , the suction process ends and the suction chamber is connected to the discharge port. The whole work cycle ends at ' ¼ 2p.
As revealed by the above analysis, the work chamber is connected to the discharge port throughout the rotor revolution to avoid inner compression. The suction port is connected to the suction chamber within a certain range of the shaft angle to avoid direct connection between the suction and discharge ports. However, the effective rotor angle range for the suction process is ' s < ' < 2p-' d , which means that both the suction time and volume in a rotor revolution are reduced. This may influence the suction process and the volumetric efficiency of the SRMP.
Geometric model of the axial suction port Figure 4 shows the definitions for the critical dimensions of the axial suction port, where O 1 , O 2 , and O 3 are the centers of the rotor, cylinder, and vane joint, respectively, and T is the tangential point between the rotor and the cylinder. During the SRMP's operation, it is assumed that the rotor rotates in the clockwise direction. Rotor angle ' is the included angle between line segments O 1 O 3 and O 1 T. As shown in Figure 2 , the geometrical profile of the axial suction port is a curved triangle formed by the line segment M 1 M 2 and the curved segments M 2 M 3 and M 1 M 3 . Referring to the geometric relations between the rotor and cylinder, M 2 M 3 and M 1 M 3 overlap with the outer circle of the rotor at the rotor angles of þ' d and 2 À ' d , respectively. Given that the sliding vane swings around O 3 during operation, M 1 M 2 overlaps with the side edge of the sliding vane when its swing angle is at the maximum in a rotor revolution. The swing angle of the sliding vane can be expressed as a function of the rotor angle, as follows
where r cy , r ro , and r va are the radiuses of the cylinder, rotor, and vane joint, respectively. It can be found from equation (1) that l reaches a maximum value at ' ¼ p/2. Therefore, as revealed in Figure 4 , the limiting position of M 1 M 2 overlaps with the down side of the sliding vane at ' ¼ p/2. It can be found from the above definitions that the geometric profile of the suction port only relates to the relative position between the rotor and cylinder. Thus, to calculate the geometric profile of the suction port, the cylinder can be assumed to be static while the rotor center is supposed to move around the cylinder center. As shown in Figure 5 , XO 2 Y is a Cartesian coordinate system fixed on the cylinder center. On XO 2 Y, the rotor center moves around O 2 with a revolving radius that is equal to the eccentricity between the centers of the rotor and the cylinder. In Figure 5 , O 11 , O 12 , and O 13 are the rotor centers at different rotor angles, respectively. Referring to Figure 4 , O 1i O 3 is the center line of the sliding vane. In this way, the included angles ffO 1i O 2 O 3 and ffO 1i O 3 O 2 are equal to the cylinder and swing angles of the sliding vane, respectively. The cylinder angle can be expressed as the function of the rotor angle, as follows
According to the correspondence between Figure 4 and Figure 5 , the relevant rotor angles for O 11 , O 12 , and O 13 are p/2, þ' d , and 2 À ' d , respectively. In this way, the relevant cylinder angles for O 11 , O 12 , and O 13 , respectively, are 
where b is the thickness of the sliding vane. The equations of circles O 12 and O 13 are, respectively
Once the radiuses of the rotor, the cylinder and the discharge angle are given, the coordinates of points M 1 , M 2 , and M 3 on the XO 2 Y can be calculated by combining equations (6), (7), and (8) . Then, the sectional area of the axial suction port at any rotor angle also can be calculated.
Results and discussion
In the SRMP, the sectional velocity of the suction flow is an important factor that affects the suction process because the higher sectional flow velocity causes more pressure loss. For a certain flow rate, the sectional flow velocity at the suction port is determined by the sectional area of the flow path. According to the working principle of the axial suction port, the sectional area of the suction port varies with the rotor angle in the rotor revolution. Based on the established geometric model for the axial suction port, calculations on the sectional area for suction flow are implemented in this work to evaluate the design of the axial suction port in the SRMP. The main dimensions of the SRMP are given in Table 1 .
As shown in Figure 6 , the solid line represents the variation in the sectional area of the axial suction port in a rotor revolution. It can be seen that the effective rotor angle range for the suction process is from ' s to 2p-' d , where the sectional area of the suction port is higher than 0. The section area of the suction port increases within the rotor angle range of ' s $ p þ ' d and then decreases until the rotor angle is equal to 2p -' d . In a rotor revolution, the maximum section area of the suction port occurs at a rotor angle of p þ ' d . In Figure 6 , the dashed line represents the variation in the suction volume with the rotor angle. It can be seen that in the rotor revolution, the slope rate of the volume curve increases in the first half of the revolution and decreases in the second half. Moreover, at the initial and last stages, the suction volume increases very slowly. Given that the suction flow rate is directly proportional to the increasing rate of the suction volume, it can be deduced that the suction flow rate is very small for the initial and last stages. This indicates that although the sectional area of the suction port is small for the initial and last stages in the rotor revolution, the sectional flow velocity remains a lower value attributable to the lower suction flow rate therein. In addition to the sectional area, the SRMP with the axial suction port also exhibits special characteristics in the suction process that result from reducing its effective rotor angle range. First, because the suction chamber is not connected to the suction port within the rotor angle range from 0 to ' s , residual gas expands in the chamber due to the increased chamber volume. This results in a lower pressure in the suction chamber, which means that more leakage loss occurs through the gaps between the suction and discharge chambers due to the increased pressure difference therein. Moreover, once the suction chamber is connected to the suction port, the increased pressure drop through the suction port also causes more energy loss in the suction process. Second, in the SRMP, the ideal suction volume in a revolution is equal to the volume of the crescent chamber formed by the rotor and cylinder. However, in the SRMP with the axial suction port, the actual suction volume is smaller than the ideal suction volume, and the chamber volume within ' d $ 2p is wasted. This indicates that the axial suction port reduces the use of the chamber volume as well as the volumetric efficiency of the SRMP.
Fortunately, as shown in Figure 6 , the increasing rate of the suction volume in the initial and last stages is quite small. In this way, the relevant chamber volumes for the rotor angles of ' s and 2p-' d both occupy small proportions of the ideal suction volume. Figure 7 shows the relative loss (the ratio of chamber volume at ' d to the ideal suction volume) of the suction volume at different discharge angles. It is found that even at the discharge angle of p/3, the relative loss of the suction volume is less than 3%. In actual SRMP design, both of the ' s and ' d are smaller than p/6. It can be supposed that such small volumes for the rotor angles of ' s and 2p-' d lead to a small effect on the use of the chamber volume and small additional energy loss and leakage loss due to the expansion process in the initial stage of suction. In this way, it can be concluded that in the axial suction port design, the effects of reducing the effective suction rotor angle range on the suction process and the volumetric efficiency of the SRMP are negligible.
It is worth noting that the design of axial suction port also induces the other issue with regards to the end face leakage loss in the SRMP. Since the axial suction port is set on the cylinder end faces, the end face geometry of the cylinder is more susceptible to the leakage loss through the axial clearance between the rotor and cylinder end faces. Generally, for the given working fluids and pressure head, the end face leakage is dominated by the height of the axial clearance. A smaller clearance height corresponds to the lower end face leakage loss, but also leads to the higher end face frictional loss therein. Fortunately, as the rotor and cylinder are both rotating during the SRMP operation, the relative velocity between the rotor and cylinder end faces are small. 11 This allows the reduction of the end face clearance to achieve the reduction of end face leakage loss therein, but without noticeably increasing the end face frictional loss. In such case, for the case of axial suction port, the end face leakage loss can be effectively controlled by setting the proper end face clearance. Thus, there is great confidence in this axial suction port design. However, it also requires a higher level of manufacturing precision for the SRMP components, which will result in a higher manufacturing cost of the SRMP.
Conclusion
An axial suction port set on the cylinder end face was introduced to ensure the flexibility and performance of the SRMP in handling work fluids with any inlet GVFs. A geometric model of the axial suction port was established to calculate the critical dimensions for manufacturing. The design of the axial suction port was evaluated by analyzing the section area of suction flow and the volumetric efficiency of the SRMP.
The sectional area of the suction port varies in a rotor revolution. Due to the matching between the sectional area and the varying trend in suction volume, the sectional velocity of the suction flow remains a lower value in the initial and last stages of the suction process where the sectional area is very small. The effective rotor angle range for the suction process is smaller than a complete revolution. Fortunately, because the increasing rate of the suction volume in the initial and last stages is quite small, the effect of reducing the effective suction rotor angle range on the suction process and the volumetric efficiency of the SRMP is negligible. Although the end face geometry of the cylinder is more susceptible to the end face leakage, the end face leakage loss can be effectively controlled by reducing the end face clearance due to the small relative velocity between the cylinder and rotor end faces. It is concluded that the proposed axial suction port design effectively avoids back flow from the outlet to the inlet of the SRMP and meets the requirement of handling gas-liquid fluids with any inlet GVFs.
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